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We use a holographic model of quantum chromodynamics to extract the equation of state (EoS)
for the cold nuclear matter of moderate baryon density. This model is based on the Sakai-Sugimoto
model in the deconfined Witten’s geometry with the additional point-like D4-brane instanton
configuration as the holographic baryons. Our EoS takes the following doubly-polytropic form:
 = 2.629A−0.192p1.192 + 0.131A0.544p0.456 with A a tunable parameter of order 10−1, where  and
p are the energy density and pressure, respectively. The sound speed satisfies the causality con-
straint and breaks the sound barrier. We solve the Tolman-Oppenheimer-Volkoff equations for the
compact stars and obtain the reasonable compactness for the proper choices of A. Based on these
configurations we further calculate the tidal deformability of the single and binary stars. We find
our results agree with the inferred values of LIGO/Virgo data analysis for GW170817.
I. INTRODUCTION
Tremendous gravity can transform the ordinary mat-
ter in a compact star into exotic nuclear matter such as
neutron liquid or quark-gluon plasma, which are hard
to produce on earth and whose properties remain to be
clarified after decades of studies [1, 2]. By the same to-
ken, the gravitational tidal force acting on the nuclear
matter of a compact star can cause shape deformation,
which can reveal nuclear matter’s hydrodynamical prop-
erties such as equation of state (EoS). A novel way of
observing the tidal deformation is to detect the gravita-
tional wave emitted during the binary merger of compact
stars such as neutron stars (NS) [3]. A recent example
is LIGO/Virgo’s GW170817 on the observation of grav-
itational wave from the merger of binary neutron stars
(BNS)[4–7], which yields the masses of the neutron stars
and the upper bound on the tidal deformability, and has
inspired closer examination of the EoS, see for examples
[8–13]. One shall expect to observe more BNS events in
the coming future to infer the more precise relation be-
tween mass and tidal deformability from parameter esti-
mation, and reveal the candidate EoS.
On the other hand, it is notoriously difficult to derive
the EoS of exotic nuclear matters at moderate baryon
density, i.e., about a few of the saturation density of nu-
clei, either from the first principle such as lattice quan-
tum chromodynamics (QCD) by suffering a sign problem
at finite chemical potential [14, 15], or from perturbative
QCD and chiral perturbation theory due to a sizable cou-
pling at moderate densities [16–18]. Therefore, most of
EoS currently used for nuclear matter in compact stars
are phenomenological. It is important to derive EoS sys-
tematically based on some physical principle, and the
holographic QCD is suitable for such a purpose.
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Holographic QCD is an effective theory for QCD in
terms of the dual bulk gravity dynamics based on the
spirit of AdS/CFT correspondence [19]. It has been
adopted to address many QCD problems with success,
e.g., clarify the hydrodynamical nature of quark-gluon
plasma [20–23] in the experiments of heavy ion colli-
sions. Among many holographic QCD models, the Sakai-
Sugimoto (SS) model [24, 25], where the mesons are in-
troduced as the D8/D8-branes (or called meson-branes)
in the background of Witten’s geometry [26], is the best
model so far with very few free parameters. Especially,
the SS model realizes the quark confinement and chi-
ral symmetry breaking in a natural and geometric man-
ner, and yields the chiral Lagrangian with well-fitted
meson and hadron spectra, and the decay amplitudes
[24, 25, 27].
Our goal in this paper is to extract EoS of holographic
nuclear matters from SS model, and use it to study the
properties of the associated compact stars. We start with
the SS model in the deconfined Witten’s geometry, in
which both the broken and unbroken phases of chiral
symmetry can be realized. This is suitable for the con-
sideration of QCD at finite baryon density because the
chiral symmetry is expected to be restored at high enough
baryon density. The baryons are introduced as the D4-
brane instanton [27, 28]. Here we will only consider the
point-like instanton configuration [29] which should be
good enough approximation for the case of moderate
baryon density. Our EoS has only one tunable param-
eter, and by the proper choice we find the mass, radius
and tidal deformability of the compact stars are in ex-
cellent agreement with the inferred values from the data
analysis of GW170817.
This paper is organized as follows. In section II we
briefly review the construction of holographic nuclear
matters as the point-like D4-brane instantons based on
SS model in the deconfined phase. In section III we ex-
tract the EoS of nuclear matters at modest baryon den-
sity by numerically solving the thermodynamics of the
holographic model constructed in section II. In section
IV we then apply this EoS to solve for the compact stars
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2and show the configurations are comparable with neu-
tron stars. Moreover, we further compare the tidal Love
numbers with the ones extracted from GW170817 obser-
vation and find excellent agreement. Section V is the
conclusion.
II. HOLOGRAPHIC NUCLEAR MATTERS
The meson-brane action of the SS model consists of
the non-Abelian Dirac-Born-Infeld (DBI) action and the
Chern-Simons (CS) action of the D8 and D8-branes,
SDBI =
2T8Ω4V3
T
∫ ∞
Uc
dUe−Φ
√
det(g + 2piα′F), (1)
and
SCS = T8
∫
C3Tr(2piα
′F)3 = NcV3
4pi2T
∫ ∞
Uc
Aˆ0Tr[F ∧ F ],
(2)
where g is the induced metric, α′ is the string tension,
T8 is the tension of D8-brane, Φ is the dilaton, Ω4 is
the volume of the unit 4-sphere on which the D8-branes
wrap. The remaining worldvolume directions of D8 are
the Euclidean 4-plane of temperature T and volume V3
where the dual QCD lives with assuming translational in-
variance, and the holographic coordinate U ranging from
the holographic boundary U = ∞ to the tip U = Uc at
which the D8 and D8 connect. The Nc is the number
of the background RR-flux F4 = dC3 and is dual to the
number of colors of QCD. We will consider two-flavors
QCD which is dual to a bulk U(2) gauge theory so that
its field strength can be decomposed into a U(1) and an
SU(2) part,
Fµν = Fˆµν + Fmuν , Fµν = F aµνσa (3)
where µ, ν = 0, 1, 2, 3, U and σa with a = 1, 2, 3 the Pauli
matrices, and the nonvanishing components are Fˆ0U =
−∂U Aˆ0, Fij and FiU with the boundary value of Aˆ0 dual
to the baryon chemical potential.
For our study of holographic uniform nuclear matter,
we will consider the SS model in the deconfined phase
for which the background is the deconfined Witten’s ge-
ometry, and the detailed form of its induced metric g on
the D8-brane can be found in [26, 29, 32]. This metric
describes a black brane with a blacken factor
fT = 1− U3T /U3
which corresponds to a Hawking temperature T =
3U
1/2
T /4piR
3/2 with R the curvature radius of the Wit-
ten’s geometry. The SS model in the deconfined phase is
the holographic version of the NJL model [30, 31] which
can be adopted for describing the phase of baryon fluid
1.
1 The black brane is not the thermodynamically dominant phase
The baryons in SS model can be introduced via Wit-
ten’s mechanism [28], which corresponds to adding the
wrapped D4-brane instanton configuration on the D8
worldvolume. There are many different instanton con-
figurations, for the most recent study see [33]. In this
paper we will consider the simplest one, namely, the
point-like instanton [29] located at the tip U = Uc, ı.e.,
Tr[F ∧ F ] ∝ NIδ(U − Uc), so that we also need to add a
wrapped D4 action
SD4 =
NIT4Ω4
T
∫
dUe−Φ
√
g δ(U − Uc) (4)
where NI and T4 are the number and the tension of in-
stantonic D4-branes, respectively.
Denote the D8 profile by X4(U) where X4 is the com-
pact direction perpendicular to D8, then plug it into (1)
and combine with (2) and (4) to get the total action
S =
NV3
T
∫ ∞
uc
L, N = Ncλ
3
YM
12(2pi)5
M4KK (5)
with λYM the ’t Hooft coupling and MKK the mass gap
of the holographic QCD 2, and
L = u5/2
√
1− a′20 + u3fTx′24 + nI [
u
3
√
fT − aˆ0] δ(u− uc)
(6)
where ′ = ∂u. In the above we have adopted the scaled
convention introduced in [32] so that L is expressed in
terms of dimensionless lower-case variables such as u, nI
and Aˆ0 instead of their dimensionful upper-case counter-
parts.
We can solve the equations of motion derived from (6)
for x4 and aˆ0. Up to the first integration and requiring
x′4 ∼ ku−11/2 + · · · and aˆ0 = nIu−5/2 + · · · at u = ∞
from the dictionary of AdS/CFT, the result is
aˆ′0 = nIu
3/2
√
fT g−1, x′4 = ku
−3/2
√
f−1T g−1 (7)
with k the integration constant and
g = (u8 + u3n2I)fT − k2.
To further integrate (7), it needs to impose the following
boundary conditions
µ = aˆ0(∞) = aˆ0(uc)+
∫ ∞
uc
du aˆ′0, ` = 2
∫ ∞
uc
du x′4 (8)
over the confining cigar geometry at very low temperaure. De-
spite that, we will still extrapolate our results all the way to
T = 0 as currently there is no known holographic model for the
baryon fluid in a confining geometry.
2 For the detailed relations between bulk quantities such as the
string length, string tension, etc and the QCD quantities such as
λYM , MKK , etc, please see [24, 25]. With these relations, one
can arrive (5).
3where µ is the baryon chemical potential and ` is the
(scaled) separation of D8 and D8 at u =∞.
The solutions of (7) and (8) can be used to obtain
the on-shell action, which yields the (dimensionless) dual
grand canonical potential density 3
Ω`[T, µ;nI , uc] =
1
N
T
V3
S|on-shell =
∫ ∞
uc
du u13/2
√
fT g−1 .
(9)
Here nI and uc are not the thermodynamical variables
but the parameters for the instanton configurations, with
respect to which we need to minimize Ω` to obtain some
conditions to fix their values. These conditions ∂Ω`∂nI =
∂Ω`
∂uc
= 0 yield respectively
aˆ0(uc) = uc
√
fT (uc)/3, nIu
3/2
c (1+fT (uc)) = 6
√
g(uc).
(10)
Thus, by solving (8) and (10) we can fix the values of uc,
nI and k for a given set of µ and T with a fixed model
parameter `, and then determine Ω`.
Once the grand canonical potential Ω`[µ, T ] is deter-
mined, through the thermodynamic relations we can de-
termine the pressure pQCD, baryon number density nI
and energy density QCD as follows
pQCD = −Ω`, nI = −∂Ω`
∂µ
|T , QCD = Ω`+nIµ−T ∂Ω`
∂T
|µ.
(11)
Thus, in principle the EoS can be obtained 4.
All the quantities in (11) are dimensionless, and their
dimensionful counterparts are given by
p = c2N `−7pQCD, nb = N 3/4`−5nI ,  = N `−7QCD.
(12)
Here c is the light speed.
We can see that ` and N are the only tunable parame-
ters of our model. For convenience, we choose the typical
values given in [24, 25]
λYMNc ' 24.9, MKK ' 949 MeV⇒ N = 1.2×1010 MeV4.
(13)
by which it yields well-fitted QCD spectra. However,
from (12) we see that both p and  depend on only the
combined form N `−7. Thus, different choice of N ’s value
is just re-parametrizing the model parameter ` as far as
only EoS is concerned.
III. EQUATION OF STATE
Based on the setup in the previous section, we can
numerically obtain pQCD(µ, T ) and QCD(µ, T ) and then
3 Ω` is UV divergent and a regularization scheme is needed. We
simply introduce an UV cutoff u = Λ and subtract the 2Λ7/2/7.
4 We also need to make sure the phase of nuclear matter is domi-
nated over the mesonic phase, i.e., nI = 0, and quark phase, i.e.,
with mesonic branes ending on horizon by comparing their free
energies.
extract the EoS by combining the result. We can fit the
EoS into the piecewise polytropic form. Especially, we
find that for the small value of pQCD ∈ [0, 0.05], the EoS
is well-fitted by the following doubly polytropic function
(for T = 0)5
QCD = 2.629 p
1.192
QCD + 0.131 p
0.456
QCD, pQCD ∈ [0, 0.05].
(15)
We will argue that pQCD ' 0.05 corresponds to typical
core pressure of the neutron stars, and thus (15) yields
sensible neutron star configurations when using it to solve
the following Tolman-Oppenheimer-Volkoff (TOV) equa-
tions,
dp
dr
= −GN (+ p/c2) m+ 4pir
3p/c2
r(r − 2GNm/c2) ,
dm
dr
= 4pir2 . (16)
Now it is more convenient to rescale the EoS in terms
of the astrophysical units listed below:
r = GNM/c2,  = M/r3, p = c
2, (17)
for the radius of the Sun, the corresponding energy den-
sity and the pressure, respectively. In terms of this unit
system and taking the value of N given by (13), we can
rewrite (12) into the following:
p/p = A pQCD, / = A QCD (18)
and
nb/ns = 0.12`
−5nI , ns = 0.16/fm3 (19)
with
A = 1.8× 10−5 × `−7 (20)
where ns is the the saturation density of nuclei. Then,
the dimensionless EoS (15) can be turned into the follow-
ing dimensionful one in the astrophysical units (for T=0
case):
/ = 2.629A−0.192(p/p)1.192+0.131A0.544(p/p)0.456.
(21)
We now argue that (21) yields sensible compact star
configurations. That is, we should show the maximal
value of pQCD should be about 0.05 for which the nu-
merical EoS is well-fitted by the above doubly polytropic
5 For comparison, the EoS for T = 0.05MKK , i.e., T = 47.45 Mev
for MKK = 949 Mev is well-fitted by
QCD = 2.617 p
1.188
QCD + 0.128 p
0.452
QCD (14)
Note that this temperature is considerably high from typical as-
trophysical point of view for a neutron star, however, we see
that its effect to EoS is quite small. Thus, we will neglect the
temperature effect in the following discussions.
4function. At the same time, we will determine the order
of magnitude for the parameter A or `−7.
Firstly, note that the core pressure p/p for a typical
neutron star is about 10−3 to 10−2 [1], thus A pQCD ∼
10−3 to 10−2. If we set pQCD ∼ O(10−2), it implies A ∼
O(10−1) or `−7 ∼ O(104). On the other hand, the typical
value of nb inside a neutron star is about 2ns to 10ns [1].
From (19) this then implies `−5nI ∼ O(10). To further
determine `−5 we need the relation between nI and pQCD
which can be obtained from the thermodynamic relation
(11) and is found to be well-fitted by the following doubly
polytropic function (for T = 0) for the same regime of
pQCD ∈ [0, 0.05] in fitting (15),
nI = 0.617 p
0.441
QCD + 2.300 p
1.074
QCD . (22)
If we set pQCD ∼ O(10−2) in (22), then we get nI ∼
O(10−2), which then implies `−5 ∼ O(103) or `−7 ∼
O(104).
From the above discussions, we can conclude that the
parameter A ∼ O(10−1) or equivalently `−7 ∼ O(104)
yields the typical values of baryon density and core pres-
sure inside the neutron stars. Moreover, this corresponds
to pQCD ∼ O(10−2) so that (21) will be the EoS for
the holographic nuclear matter to yield compact neutron
stars. This will be justified further by the TOV solutions
obtained in the next section.
Moreover, the sound speed squared c2s := ∂p/∂ de-
rived from our EoS (21) satisfies the causality constraint,
i.e., cs < c and also break the sound barrier for most of
the regime6, see Figure 1. Thus, our EoS is stiff enough
to support more massive neutron stars. This is in con-
trast to the holographic neutron star model based on
D3/D7-branes proposed in [34–36], where they need the
additional inputs outside their model to break the sound
barrier.
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FIG. 1. Sound-speed-squared (c2s) vs the Pressure (pQCD).
The horizontal line is the sound barrier, i.e., c2s = 1/3.
6 The conformal barrier for the sound speed in SS model is cs =
2c/
√
5 for the phase of chiral restoration [33], and is cs = c/
√
3
for the D3/D7 model [35].
IV. THE HOLOGRAPHIC STARS
Based on EoS (21), we solve TOV equations for differ-
ent values of `−7 with the prescribed order of magnitude
around 104, and then yield the mass-radius (M vs R)
relation of the holographic stars, etc. In Fig. 1 we show
(a) the mass-radius relation and (b) the relation between
the core pressure and the mass (pc vs M), for ten values
of `−7 equally ranging from 10000 to 19000, which are
labelled from 0 to 9, respectively. We see that the maxi-
mal mass can reach more than 2M for `−7 ≤ 13000. In
(a) of Fig. 2 the lowest maximal mass is about 1.62M
for `−7 = 19000, and we expect this value will be lower
if one further increases `. We choose 1.62M because
it is still larger than the upper bound 1.6M shown in
the data analysis of GW170817 [4, 6]. Moreover, we can
also infer that the compactness M/R increase as `−7 in-
creases. In (b) of Fig. 2 we see that the core pressure is
about 10−3p so that the baryon density is a few ns.
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FIG. 2. (a) Mass (M) vs Radius (R) and (b) Core-Pressure
(pc) vs Mass (M) for the holographic stars of EoS (21) with
parameter `−7 equally ranging from 10000 to 19000, which
are labelled from 0 to 9, respectively.
We see that our EoS satisfies the causality constraint,
breaks the sound barrier, and can be stiff enough by tun-
ing ` to support the star with mass in excess of 2M
in some astrophysical observations [1]. We can constrain
` further by also evaluating the tidal deformability and
compare with the inference values from observation data
of GW170817 [4, 6]. The tidal deformability character-
izes how the shape of the star is deformed by the external
5gravitational field, and is defined as the dimensionless co-
efficient Λ in the following linear response relation
Qij = −
(
M
M
)5
Λ Eij (23)
where M is the mass of the star, Qij is the induced
quadrupole moment, and Eij is the external gravitational
tidal field strength. Given the EoS and a neutron star
configuration, we can follow the perturbative method of
[37] to calculate the tidal deformability. For our EoS (21)
and the star configurations shown in Fig. 2, the relation
of tidal deformability and mass (Λ vs M) is shown in
Fig. 3. We see that Λ increases as `−7 decreases, this
implies that it is easier to deform for less compact star
as intuitively expected.
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FIG. 3. Tidal deformability (Λ) vs Mass (M) for the holo-
graphic stars of EoS (21) with the same set of values and
labels for ` as in Fig. 2. The middle straight line roughly in-
dicates the upper bound on Λ from GW170817. The results
show that it is easier to deform the less compact stars.
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FIG. 4. Tidal deformability of the binary holographic stars of
EoS (21) vs one of the masses (λ˜ vs M1) for partial set of the
values for ` used in Fig. 2. The ones labelled by 7, 8 and 9 are
consistent with the estimated value 300+420−230 of GW170817.
We see from Fig. 3 that Λ can cover a large range.
However, the data analysis of GW170817 [4, 6] shows
that the tidal deformability is moderately constrained.
As GW170817 is a system of binary neutron stars, the
data is fitted for the following combined quantity
Λ˜ =
16
13
(M1 + 12M2)M
4
1 Λ1 + (M2 + 12M1)M
4
2 Λ2
(M1 +M2)5
(24)
where M1,2 are the masses of two neutron stars with
M1 < M2, and Λ1,2 are their associated tidal deforma-
bilities. The analysis of GW170817 in [4, 6] yields an es-
timate on Λ˜ = 300+420−230, which implies the upper bound
of Λ is about 1500, according to (24). This will serve as
a further constraint on `−7 of our EoS.
To obtain Λ˜ for our EoS and star configurations, we
first fit the curve of M1 vs M2 for the low-spin prior in
Fig. 5 of [6] with M1 +M2 ≈ 2.7M, and then plug into
(24) to get Λ˜ vs M1. The result is shown in Fig. 4. We see
that the Λ’s in Fig. 3 are too large for lower `−7 so that we
present only the ones closer to the estimate of [4, 6]. From
Fig. 4 we see that only `−7 = 17000, 18000 and 19000
are consistent with the observation. For these cases, the
predicted radii shown in Fig. 2 are consistent with the
inferred values of LIGO/Virgo observation of GW170817,
i.e., ∼ 11km [7]. However, the maximal mass is about
1.7M, which encompasses the mass estimates of most
observed NSs in various types of NS-containing systems
(e.g., double-NS systems, NS-white dwarf binaries, X-
ray binaries) [1], but is still smaller than some observed
values, especially the ones in excess of 2M. On the
other hand, we can use the upper bound of the tidal
deformability, say Λ ∼ 1500 to obtain the lowest mass
from Fig. 3, and it is about 1.2M for `−7 = 17000 to
19000. This is consistent with the observed values [38–
40].
V. CONCLUSION
In this work we give a first principle derivation of nu-
clear matter EoS based on a top-down model of holo-
graphic QCD. The resultant EoS is doubly polytropic
with only one free parameter, and can yield mass, ra-
dius and tidal deformability in excellent agreement with
observation of GW170817. However, our EoS cannot be
consistent with GW170817 and yield the maximal mass
in excess of 2M at the same time. This leaves the space
for future studies by considering more general instanton
profiles other than a delta function [32, 33], and con-
sidering twin stars [41] with hybrid EoS of holographic
baryonic and quark matters. The future events of NS bi-
naries observed in LIGO/Virgo/KAGRA should help to
pin down the necessity of the above options to reach the
higher maximal mass of NSs.
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